The authors have observed strain-induced second harmonic generation ͑SHG͒ signals from a Co 0.25 Pd 0.75 alloy film deposited on a lead zirconate titanate ͑PZT͒ substrate. The strain in the sample was controlled by the inverse piezoelectric effect. The authors demonstrate that it is possible to separate the strain contribution to the SHG signal from the crystallographic contribution and that from the electric polarization in PZT. An estimate of the value of the nonlinear photoelastic tensor components is in very good agreement with previous calculations.
Nonlinear optical effects like second harmonic generation ͑SHG͒ have been used to investigate bulk materials, surfaces, and interfaces, as the SHG signal is very sensitive to symmetry and structure changes such as caused by internal electric and magnetic fields, as well as crystallographic deformations such as strain. 1 Strain-induced SHG in bulk materials and thin films was studied theoretically 2, 3 and experimentally for various systems such as Ba 0.48 Sr 0.52 TiO 3 on a MgO͑001͒ substrate, 4 BaTiO 3 and Ba x Sr 1−x TiO 3 thin films and BaTiO 3 / SrTiO 3 superlattices, 5, 6 semiconductor interfaces 7 and silicon wafers, 8, 9 group III-nitride films, and thin Ag films on Si͑111͒ substrates. 10, 11 In most of these experimental papers strain was irreversibly induced by lattice mismatch between the film and the substrate, 4, [8] [9] [10] [11] whereas in Ref. 5 SHG was used for in situ detection of external stress. However, these studies were concerned only with the appearance of SHG or its enhancement. In order to get a direct evidence for straininduced SHG, it is important that the signal is measured in a well-characterized system by a reliable method, i.e., with controllable and reproducible applied stress.
In this letter, we present results of a direct observation of strain-induced SHG in a Co 0.25 Pd 0.75 alloy film deposited on a lead zirconate titanae ͑PZT͒ substrate. Using the inverse piezoelectric effect, the measurements were done under wellcontrolled and easily reproducible conditions. The thus obtained values of the nonlinear photoelastic ͑NPE͒ tensor components are in very good agreement with previous calculations.
A schematic diagram of the sample structure and of the measurement configuration is shown in Fig. 1 . ͑For detailed sample preparation see Ref. 12 .͒ The PZT film was deposited on a Pt͑111͒ layer which in turn was deposited on a Ti/ SiO 2 / Si substrate. It was fabricated by multiple spin coating of a PZT solution ͑Zr/ Ti= 52/ 48͒ ͑Ref. 12͒ and has a ͑111͒-preferred orientation and a thickness of 1 m. Subsequently, a 3 nm Pd film was deposited on the PZT substrate as a buffer layer and then a 3 nm Co 0.25 Pd 0.75 alloy film was prepared and capped by a 3 nm Pd film. The piezoelectric coefficient d zzz of the sample was about 270 pm/ V, which is sufficient for the measurement of strain effects. The Pd and Pt layers were used as electrodes. In this vertical structure we can control the strain of the CoPd film on the PZT substrate with a low voltage and subsequently measure the effect of strain on the SHG signal.
The SHG measurements were performed using a Ti:sapphire laser at 800 nm with a pulse width of about 100 fs, a repetition rate of 82 MHz, and an average power of 50 mW. The incident beam went first through a Glan-Taylor polarizer and was then focused onto a spot of about 100 m in diameter on the sample. The generated SHG signal ͑400 nm͒ was filtered by two BG360 color filters and, after going through the analyzer, was detected by a gated photon counter. fundamental and the second harmonic beam polarizations, both s-and p-polarized waves were studied.
In the dipole approximation the nonlinear optical polarization P NL ͑2͒ at the double frequency of incident light can be written in the following form:
where E͑͒ is the electric field of the incident light and ijk ͑2͒ is the second-order nonlinear optical susceptibility ͑NOS͒ tensor. The SHG intensity I͑2͒, as function of the fundamental light intensity I͑͒, is then given by I͑2͒ ϰ ͉P NL ͑2͉͒ 2 ϰ ͉ ijk ͑2͒ ͉ 2 I 2 ͑͒. In the limit of ultrathin films, we consider an averaged interface contribution ijk ͑2͒ from all the interfaces in the Pd/ Co 0.25 Pd 0.75 / Pd trilayer. In the following, we will omit the tilde sign. There are several possible contributions to the P NL ͑2͒, which are responsible for the SHG. First of all, we must consider the crystallographic terms that depend on the symmetry of the present system. 1 Next, there is the contribution from the electric polarization P of the ferroelectric substrate,
where P ͑0͒ is the spontaneous polarization of the ferroelectric substrate, ij is the dielectric sucseptibility, and E int is the internal electric field. Because of the inverse piezoelectric effect, the applied electric field in the PZT leads to the appearance of strain,
where u ij is the strain tensor and d ijk is the tensor describing the inverse piezoelectric effect. This strain contributes to P NL ͑2͒ due to the NPE effect. 14 Because we did not observe any magnetic contrast in our measurements, possible magnetic contributions to the SHG ͑Ref. 15͒ can be ignored.
All these contributions can be represented in the following form:
where ijk ͑2,0͒ is the purely electronic NOS tensor, p ijklm is the NPE tensor, and ijkl ͑3,0͒ is the third-order NOS tensor, which is responsible for the electric-field-induced contribution. 1 As shown in Fig. 1 , the electric field was applied along the z axis, causing an electric polarization along the same direction in the ͑111͒-oriented PZT substrate. This electric field generates strain characterized by the u xx , u yy , and u zz components of the strain tensor. Taking into account the nonzero components of the ijk ͑2,0͒ , p ijklm , and ijkl ͑3,0͒ tensors for the C 3v symmetry group, 16 which characterizes the interface between the film and the substrate, we can find the contributions of all mechanisms to SHG in the above-mentioned geometries of our experiment, where P S NL ͑2͒ and P P NL ͑2͒ correspond to the S out and P out components of the P NL ͑2͒, ss and pp indicate the input polarization ͑i.e., correspond to s in and p in ͒, and is the angle of incidence. From Eqs. ͑5͒ and ͑6͒ it follows that the s in → S out and p in → S out signals are induced by the components of the second-order NOS tensor ijk ͑2,0͒ , whereas for the s in → P out and p in → P out signals all tensors from Eq. ͑4͒ contribute to the SHG. Figure 2 shows the experimental results for all four geometries: s in → S out , s in → P out , p in → S out , and p in → P out . The applied voltage was first swept from +10 to − 10 V and then back to +10 V. The corresponding hysteresis curves are af-
fected differently by the various contributing tensors. In accordance with Eqs. ͑5͒ and ͑6͒, the most intensive SHG signal was observed for p in → P out , whereas for s in → P out the signal was much weaker. For the remaining geometries it was even less, approximately by two orders of magnitude. The high value of the SHG intensity in the p in → P out geometry is due to the large value of zzz ͑2,0͒ . 17 The significantly smaller SHG signals for s in → S out and p in → S out geometries can be explained by the small values of yyy ͑2,0͒ and yxx ͑2,0͒ , together with a contribution from the misfit strain between the Pd/ Co 0.25 Pd 0.75 / Pd trilayer and the substrate. 2 Here, at the coercivity voltage U c = ± 3 V, the contribution to the SHG signal from the electric polarization P equals zero. 12 As a result, only the nonzero components of the second-order NOS and of the NPE tensors contribute to the SHG signal for this situation. Because the sign of the u xx , u yy , and u zz components of the strain tensor depends on the direction of the internal electric field ͓Eq. ͑3͔͒, we can compare the SHG intensities for the two opposite directions of E int : "up" I ↑ ͑2͒ and "down" I ↓ ͑2͒. We can then obtain the asymmetry A SHG of the strain-induced SHG,
The angular dependence of A SHG is presented in Fig. 3 , where the analyzer was rotated from an initial position along P, for s in -and p in -polarized incident light. In good agreement with Eqs. ͑5͒ and ͑6͒, the A SHG curves are oriented along the P out direction. In conclusion, we have measured strain-induced SHG in Pd/ Co 0.25 Pd 0.75 / Pd thin film deposited on a PZT substrate using the inverse piezoelectric effect in well-controlled and reproducible way via the inverse piezoelectric effect. By selecting the appropriate applied voltage and polarizer-analyzer combination, we were able to separate the strain-induced SHG from the crystallographic and the electric polarization contributions to the SHG signal. Finally, based on the measurements of the voltage controlled asymmetry A SHG of this strain-induced signal, we made an estimate of the nonlinear photoelastic tensor components, which is in very good agreement with our previous calculations.
